Background: cardiac rehabilitation (CR) exercise training is beneficial after myocardial
Introduction
Pathologic left ventricular (LV) remodelling is a significant problem after myocardial infarction (MI) (1) . In MI patients, cardiac rehabilitation (CR) exercise training improves functional capacity (2) . Whilst the contribution of peripheral adaptation to this improvement is relatively well understood (3), little is known about LV remodelling, particularly in relation to function. Recent data support exercise induced reverse LV remodelling, characterised by reduced LV volumes and increased ejection fraction (4).
However, LV systolic function is not well defined by ejection fraction alone. Rather, the motion of the LV during systole and diastole is a complex pattern of multi-directional deformation and rotation (LV mechanics) that underpins efficient systolic ejection and diastolic filling. Obliquely and opposingly wound endocardial and epicardial myofibres are electrically and mechanically activated, in sequence, from apex to base (5) resulting in longitudinal shortening (LV strain) (6) and LV twist i.e. clockwise basal rotation and anticlockwise apical rotation (7) . During diastolic untwist, rapid recoil sucks blood into the LV, utilising energy stored in the preceding twist.
Left ventricular mechanics are compromised by ischemic heart disease (8) and are known to predict pathologic remodelling after MI (9, 10) . Specifically, LV longitudinal strain and twist are acutely impaired immediately following MI, and progressively decline with chronic pathologic remodelling (9, 11) . In contrast, LV mechanics are likely to be preserved in the presence of reverse LV remodelling (9, 11) . Given the association between LV mechanics and remodelling, the assessment of LV longitudinal strain and CR exercise training and LV mechanics Page | 4 twist may help determine the effect of CR exercise training on functional LV remodelling after MI.
By assessing patients with 2D speckle tracking echocardiography (STE), before and after a CR programme, the main objective of this exploratory study was to examine the effect of exercise training on LV longitudinal strain and twist in MI patients. 
Materials and methods

Ethical considerations
Study design
A prospective, non-randomised observational study was conducted. Forty male participants were allocated to an exercise (n=20) or non-exercise group (n=20) ( figure   1 ). Ethical constraints and institutional policy prevented randomisation, however, groups did not differ demographically or clinically at baseline.
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Conventional echocardiography, STE and cardiopulmonary exercise testing (CPET) were performed at baseline and after a 10-week exercise programme or non-exercise control period. Participants were optimally treated with percutaneous coronary intervention for acute MI. Complete revascularisation was undertaken and no clinically significant atherosclerotic lesions remained untreated. Clinical stability (12) was medically certified and further confirmed by the absence of exercise induced angina and/or ischemic ECG changes during cardiopulmonary exercise testing. Patients were excluded if comorbidities prevented full participation.
Exercise training
Gym based, continuous, moderate intensity cardiovascular exercise training (i.e. treadmill, cycle, rower, cross-trainer) was completed for 25-40 mins, twice weekly for 10 weeks. A 10-min progressive treadmill or cycle warm-up preceded the cardiovascular exercise. A standardised resistance machine training programme (1 set, 12 reps, 5 upper and 2 lower body exercises) (12) followed a five-minute cool down walk. Cardiovascular exercise workload was equivalent to 60-80% peak oxygen uptake (VO2 peak) from CPET, and after two sessions, the supervising Exercise Physiologist ensured that participants were exercising at a heart rate equivalent to 80% VO2 peak.
Individualised exercise intensity was systematically re-prescribed every two weeks based on perceived exertion, and duration was incrementally increased to 40 minutes by week-five. Adherence of ≥17 of 20 sessions was required for inclusion in the analysis.
The non-exercise group did not complete supervised CR exercise training but were advised on a cardio-protective lifestyle.
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Cardiopulmonary exercise test (CPET)
In accordance with guidelines (13), a ramp CPET was performed on a cycle ergometer.
Respired gas was analysed for oxygen uptake (VO2), carbon dioxide production (VCO2) and minute ventilation (VE) (Oxycon Pro, Care Fusion Corp, San Diego, California, USA). ECG was continuously recorded and blood pressure measured at two-minute intervals. Tests were continued until symptom-limited volitional fatigue. A respiratory exchange ratio of >1.15 was considered representative of maximal effort. Peak oxygen uptake (VO2 peak) was taken to be the mean O2 uptake in the final 20 seconds of the test, whilst O2 uptake at the anaerobic threshold (VO2 AT) was confirmed with the V-slope method and analysis of the ventilatory equivalents and end-tidal gas tension data (21) .
Transthoracic echocardiography
A single cardiac sonographer, blinded to group allocation, acquired resting echocardiographic images in accordance with current guidelines (14) . A commercially available ultrasound system (Vivid 7, GE Medical Systems, Horten, Norway) was used to obtain and store images from 3 consecutive cardiac cycles for subsequent off-line analysis (Echo-pac, GE Medical Systems, Horten, Norway, version 7.0.0). From the parasternal long axis view, LV internal dimensions/wall thicknesses and atrial diameter were measured. Left ventricular volumes were calculated by the Simpson's bi-plane method from apical two and four-chamber (A4C) images, and relative wall thickness and LV mass derived according to Lang et al., (2015) (15) . Standard mitral inflow parameters were assessed with pulse wave Doppler imaging in the A4C view and mitral annulus tissue velocities were determined with tissue Doppler imaging of the septal and lateral mitral annuli.
Left ventricular mechanics: strain, rotation and twist
A rigorous methodology was employed to optimise and standardise image acquisition and analysis. Speckle tracking echocardiography at frame rates between 70 and 100 frames/s was used to derive indices of LV mechanics from the A4C view and the basal and apical parasternal short axis (PSAX) views. Care was taken to ensure that basal images were recorded at the tips of the mitral valve leaflets, apical images recorded just proximal to the level of LV luminal closure at end-systole, and that the LV cross-section was as circular as possible. Inter-individual basal and apical images were acquired at the same frame rates, as were pre-and post-study measurements. Prior to STE analysis, the research team, blinded to group allocation and time point, examined all images to validate quality. Those that did not meet the required level of optimisation and standardisation were excluded.
The endocardium was manually traced and a 6-segment region of interest automatically applied by the STE software (Echo-pac, GE Medical Systems, Horten, Norway, version 7.0.0). The motion of the region of interest was automatically tracked frame-by-frame throughout the cardiac cycle, and segmental tracking quality was improved manually where necessary. Segments with inadequate tracking were excluded at baseline and from repeat measurements. Participants were excluded from statistical analysis where more than two segments were deemed to have insufficient tracking quality (16) . Data were exported as the average of all segments to bespoke software (2D Strain Analysis Tool, Stuttgart, Germany) for further automated and operator processing. To accommodate inter CR exercise training and LV mechanics Page | 8 and intra-individual variations in heart rate, data were normalised to the percentage of systolic and diastolic duration using cubic spline interpolation (17) . Mean global longitudinal strain (GLS) was defined as the highest absolute value of peak negative strain attained during systole (18) . Systolic rotation was measured at the base and apex and represented as positive (anti-clockwise) and negative (clockwise) values respectively. Systolic twist was calculated by subtracting peak basal rotation from peak apical rotation, thus defining the variable as the net apex-base difference in rotation angle along the longitudinal axis of the LV (8) . The magnitude of movement over time was reported as velocity for rotation, twist and untwist (19) .
Statistical analyses
Baseline characteristics and continuous variables were summarised as mean ± standard deviation (SD), with independent t-tests used to compare group means at baseline. Mean differences at week 10 were compared by fitting either 1) a repeated measures model that included main effect terms and interaction terms for 'group' and 'visit', or 2) a linear model for outcome values at week 10 with terms for 'group' and 'baseline value'.
A linear model was only used if the t-test comparing outcomes at baseline, and visualisation of raw data suggested that mean outcomes for exercise and non-exercise at baseline were different. From the fitted model, the estimated mean difference at week 10, corresponding 95% confidence interval (CI), and p-values were reported. Statistical significance was considered as P<0.05. A formal sample size calculation was not performed as this was an exploratory study to generate future hypotheses.
Results
Recruitment
Of the 40 male patients, four dropped out and five were excluded as reliable STE analysis was not possible due to sub-optimal image acquisition (primarily at the LV apex). Ultimately, the study population consisted of an exercise group (n=15) and a non-exercise group (n=16). Exercise adherence was 88.7% (17.7 ± 0.9 sessions). At baseline, groups did not differ in demographic, clinical or echocardiographic characteristics (tables 1-3), were optimally pharmacologically treated, and there were no notable changes in cardiovascular or other relevant medication during the study period. 
Cardiopulmonary exercise testing and echocardiography
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Discussion
The principal finding from this exploratory study was that patients with recent MI undertaking a CR exercise-training programme, demonstrated a reduction in LV twist and twist velocity compared to non-exercise control. We also observed an improved exercise capacity further to training.
Pathologic post-MI remodelling is characterised by increased LV volumes. These measures are clinically and prognostically significant (20) . As such, reverse LV remodelling is an objective of both pharmacological and exercise therapy. In the current study, volumetric parameters did not change significantly in either group. However, previous studies, from our group and others, have demonstrated reverse volumetric remodelling in MI patients undertaking CR exercise training (4, 21) . To complement these conventional measures, the assessment of LV mechanics may help quantify reverse remodelling. Whilst GLS was unaltered in the present study, there was a striking differential response, in LV twist and twist velocity, between the two study groups.
Exercise training resulted in a 23% and 18% reduction in LV twist and twist velocity respectively, whereas an increase of 22% and 17% was observed in the non-exercise group. Reduced LV twist has been reported in highly trained individuals (22) and may indicate increased systolic efficiency and a greater 'twist reserve' (23, 24) . An increase in twist reserve, and subsequent functional capacity, would be a favourable adaptation in an LV compromised by MI. Measurement of LV twist during exercise, however, is required to confirm greater twist reserve. The magnitude of change we observed in LV twist, in the absence of any meaningful change in conventional functional indices or GLS, may indicate twist to be particularly sensitive to exercise training, as proposed in previous studies (17) . As such, LV twist could be a useful tool for evaluating exercise-induced reverse remodelling in patients with MI.
In marked contrast to the exercise group, LV twist increased following the control period.
Volumetric parameters, which were within normal range at baseline, remained unchanged, indicating the absence of gross LV remodelling. The increase in LV twist could therefore be interpreted negatively as a compensatory adaptation preceding pathologic remodelling and functional decline. Equally, it could be viewed as part of the LV recovery process following MI in response to medical therapy. Compared to healthy age matched controls, reduced LV twist has been reported immediately following revascularisation for MI (9) . Subsequently, at six-months and two-years, LV twist increased in patients without adverse remodelling, whilst continued suppression and/or deterioration of LV twist was observed in pathologic LV dilation (9, 11) . Essentially, patients without pathologic structural remodelling at six-months, were more likely to demonstrate an increase in LV twist, secondary to medical therapy. This is the most likely explanation for the increased twist in our data. Therefore, whilst on initial examination, the decrease in LV twist in the exercise group and the increase in the control group could be viewed as adaptive in the former, and maladaptive in the latter, it is plausible that both responses are representative of myocardial recovery. The differential response may be a product of the physiological, neurohormonal and biomolecular adaptation associated with exercise training (3, 25) , but this requires further work to clarify.
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A number of potential confounders should be the subject of future investigation. In accordance with local CR policy, exercise training was performed twice weekly for 10 weeks. In comparison to previous studies, typically three times a week for 12 weeks, the overall volume of exercise in this study was relatively low. Similarly, the training protocol adopted was a moderate intensity and steady-state prescription. It is possible that both training volume and intensity may differentially effect LV mechanics, as might exercise modality (26). Although difficult to draw parallels to healthy populations, it is possible that there is a phasic response to training by which short-term LV functional responses precede chronic structural adaptations, as has been shown in athletic individuals (22) . Given that haemodynamic load is also known to greatly influence LV mechanics (26), the effect that cardiovascular medication has on training induced LV functional remodelling in post-MI patients is also of interest and needs to be studied further. It is important to acknowledge that this exploratory study was not randomised and was conducted in a small, heterogeneous population of male participants. Accordingly, these data are not conclusive or generalizable but have identified viable hypotheses for future trials.
In summary, ten weeks of CR exercise training altered LV mechanics. Whilst GLS was unaffected by exercise training, LV twist was reduced. Conversely, LV twist increased in non-exercise control patients. The measurement of LV twist may therefore offer valuable insight into exercise-induced reverse remodelling, and help characterise the therapeutic benefit of CR exercise training. The clinical significance of these findings should be investigated in larger randomised trials. BMI, body mass index; HR, heart rate; BPsys, resting systolic blood pressure; BPdys, resting diastolic blood pressure;
Wmax, maximum workload; VO2 peak, peak oxygen uptake; VT, ventilatory threshold 
